The tongue is an intricately configured muscular organ, which undergoes a series of rapid shape changes intended to first configure and then transport the bolus from the oral cavity to the pharynx during swallowing. In order to assess the complex array of mechanical events occurring during the propulsive phase of swallowing, we employed tongue pressure gated phase contrast (PC) MRI to represent the tissue's local strain rate vectors. Validation of the capacity of phase contrast MRI to represent local compressive and expansive strain rate was obtained by assessing deformation patterns induced by a synchronized mechanical plunger apparatus in a gelatinous material phantom. Physiological strain rate data were acquired in the sagittal and coronal orientations at 0, 200, 400, and 600 msec relative to the gating pulse during 2.5 ml water bolus swallows. This method demonstrated that the propulsive phase of swallowing is associated with a precisely organized series of compressive and expansive strain rate events.
Introduction
The human tongue is a versatile and structurally complex muscular organ that is of paramount importance for the performance of swallowing. During the oropharyngeal swallow, a highly synchronized series of events results in the manipulation and transport of ingested food from the mouth to the esophagus.
Following ingestion, food is physically modified through a complex set of actions to constitute a shaped bolus of semi-solid or fluid consistency (11, 22, 31) a process which incorporates tethered motions of the tongue, hyoid bone, and jaw. (10, 27, 32, 33, 34) Once the bolus has been configured, the tongue participates in the creation and optimization of the accommodating cavity by patterned deformation, followed by retrograde propulsion (6) On delivery of the bolus, the pharynx displaces in a superior direction, while the laryngeal aperture occludes, producing a cylinder-like flow chamber (5) Propagating pharyngeal contractions then combine with anterior pharyngeal displacement to produce an orderly flow of the bolus from the pharynx, past the occluded airway and into the esophagus (13, 15, 23) The tongue consists of a complex three-dimensional network of skeletal muscle fibers and fiber bundles, involving both intrinsic fibers, i.e. those fibers possessing no direct connection to bony surfaces, and extrinsic fibers, i.e. those fibers possessing connections to bony surfaces ( Figure 1 ). The intrinsic musculature consists of a core region of orthogonally-aligned fibers, contained within a sheath-like tract of longitudinally oriented fibers. The intrinsic fibers are delicately merged with extrinsic muscles that modify shape and position from a superior (palatoglossus), posterior (styloglossus), and inferior direction (genioglossus and hyoglossus). Considering the tongue as a continuous material, we have previously used diffusion based MRI techniques to characterize both local (intravoxel) (7, 16, 19, 36) and regional (intervoxel) (8, 9) variations in myofiber alignment.
From a mechanical perspective, the tongue is generally considered to be a variation of a muscular hydrostat, an organ whose musculature both creates motion and supplies skeletal support for that motion.
(18) As such, it capitalizes on its high water content, and hence incompressibility, to modify its form, without change in volume. Accordingly, our approach considers that lingual tissue mechanics can best be Page 3 of 35 conceived as a set of discretely coupled units of compression and expansion, whose behavior is predicted by its underlying fiber organization. We have previously employed tagged magnetization MRI, a method analyzing the deforming patterns of an arbitrarily defined set of intramural elements, to assess lingual strain during swallowing (17) and by these results created a model of lingual deformation based on the presence of several fundamental synergisms (20) involving both the intrinsic and extrinsic muscle fibers. This model suggests, for example, that during bolus propulsion the act of retrograde displacement of the tongue is due to contraction of the extrinsic styloglossus and hyoglossus muscles combined with hydrostatic expansion due to bidirectional contraction of the intrinsic transversus and verticalis muscles. Muscular hydrostats so conceived optimize speed and flexibility during deformation by such synergistic activity, while sacrificing force production. By comparison, force production may be maximized in non-hydrostatic systems by large moment arms about a joint supported by a bony skeleton.
In order to better resolve the 3D resolved mechanical interactions occurring during the propulsive phase of the swallow, we employed gated phase contrast MR imaging to map strain rate tensor arrays. (3, 4, 12, 37) . This method derives strain rate (directional change of the extent of compression or expansion per unit time by determining the difference between velocity vectors of adjacent voxels distributed throughout the deforming tissue. This approach provides a basis to assay local and regional mechanics during the highly dynamic deformative changes of the tissue, and resolves the complete strain rate function for the deforming tongue during the course of liquid bolus propulsion.
Methods:
Subjects (n = 18) were chosen for this study who possessed no history or current abnormalities of speech or swallowing. Water bolus (2.5 ml) swallows were performed by the subjects, and magnetic resonance imaging was performed in association with each swallow. The timing of image acquisition and retrospective image alignment was gated by lingual pressure applied to the hard palate in order to visualize Derivation of local strain rate from phase contrast MRI Specialized MRI methods exist, which derive material motion in tissues from the displacement of MRI-visible patterns (spatial modulations) inscribed upon the material's spin distribution. Tagged magnetization employs radiofrequency (RF) and gradient pulses to modulate longitudinal magnetization in a manner that results in 2D bands of saturated magnetization that may be tracked during deformation (17, 18, 20) . In contrast, phase contrast (PC) MRI determines the local (single voxel) velocity function by applying a phase gradient followed by a canceling (decoding) phase gradient, then deriving local motion by phase shift exhibited by the resulting MR images along the gradient vector (3, 24, 37) . During PC MRI, velocity encoding is typically applied in 4 quadrilateral directions: (x, y, z), (-x,-y, z) , (x,-y,-z), (-x, y,-z) and strain rate determined by the difference in velocities between adjacent voxels distributed throughout the sampled slices of tissue. The strain rate tensor is over specified by taking measurements in four quadrilateral directions, thus canceling out artifacts and other effects on the phase unrelated to velocity.
During deformation, strains near each point in the material can be linearly approximated by the strain tensor, given by a 3 × 3 matrix. There are several advantages to the use of phase contrast methods to assay material strain during rapid physiological motions: 1) PC MRI provides motion sensitivity that can be set to high values by adjusting the gradient pulse intensities. Thus phase contrast data have near perfect motion specificity and may be analyzed by automated schemas. Combining phase contrast with single-shot image acquisition significantly strengthens the quality, sensitivity, and specificity of phase contrast data by excluding the influence of variable motion across multishot acquisitions that otherwise would be amplified by strain calculation. 2) In contrast to tagged magnetization, PC MRI provides a basis for the acquisition and analysis of 3D strain. This, however, requires an increase in the number of strain encoding axes and thus requires slightly longer acquisition times (due to reduced sensitivity) and exhibits some algorithmic fragility.
While magnetic susceptibility artifacts resulting in spatial distortions may occur during the course of oral Page 5 of 35 cavity imaging due to the fact that acquisitions must be performed at air-tissue interfaces (25) , these effects appear to be relatively small at the edges of the lingual tissue (6) imaged in vivo and are not detectable in the interior of the tissue (17, 18, 19) where strain rate measures are performed. Individual phase-contrast images were determined to have a signal-to-noise ratio (SNR) of 48.5.
Strain was calculated employing an unsupervised and objective algorithm developed in Mathematica. In this paper all strains are represented as Lagrangian. To determine strain rate per voxel, the difference of phase between voxels at location (i,j) was calculated:
where a i,j is the phase at voxel (i,j) and x and y are the principle orthogonal directions oriented longitudinally and vertically, respectively. Four voxels were used instead of two so that x-strain tensors and y-strain tensors would be calculated for the same location.
The SNR was improved by averaging over 10 data sets, and weighting the strain-rate data by the strength of the magnitude in the following manner:
where m i,j is the magnitude at voxel (i,j) and k is the designator for one of the 10 sets being averaged.
Weighted averaging ensured that noise from images with weak signals was removed from the data.
To determine the difference in velocity, the phase difference must be processed with the velocity encoding, VENC. The difference in velocity over the length of the voxels, L defines the strain rate, / t. The orthogonal dimensions were translated into principle strain vectors with no shear strain. First, rotational strain was removed by separating the symmetric and asymmetric strain tensors, as follows (39):
where V is the local velocity vector field of the material, and p and q represent any principle vectors. The strain rate tensor field, T, can be separated into symmetric, S, and anti-symmetric, A, components:
The symmetric tensor represents stress and strain, while the anti-symmetric tensor represents local rigid body rotation. The principle strain vectors were then found using Mohr's circle. 
= +
In order to represent the local strain rate tensor for each voxel, the principle strain rates for the tissue contained in each voxel were rendered as 2D icons ( Figure 2 ). For this study, strain rate was represented graphically using rhombi with their long dimension parallel to a strain rate eigenvector and the 
Validation of phase contrast MRI for deriving local tissue strain rate
In order to validate the method for deriving local strain rate from PC MRI, we tested the current MRI pulse sequence and method of analysis during deformation induced by a synchronized mechanical plunger apparatus (24) in a phantom gelatinous material (4% Agar). This system assays local compression and expansion in the phantom following forced compression of the material by the plunger at varying rates of displacement. Similar to the case of the tongue, the gel density is constant, i.e. the material is incompressible, and thus the trace of the strain tensor must always be zero. However, the gelatinous material is different from the tongue since it is a purely isotropic material, and thus all local compression will be balanced by expansion in the case of each voxel. The deformation of a hydrostatic muscle, such as the tongue, is controlled by local anisotropic elements, i.e. muscle fibers and fiber arrays, which by their combined contraction and relaxation produce local compression and expansion. Nonetheless, this method provides a way to verify the basic tenets by which local phase shifts are translated into material properties, 
Physiological gating of MR imaging
Given the spatial and temporal complexity of the mechanical events associated with swallowing and the one-dimensional nature of conventional phase contrast data, gating is needed to temporally align the resulting mechanical information. While superior temporal precision would result from cine MR image acquisition (29) , obtaining multiple phase contrast MR images following a single gating pulse was not feasible. Owing to the fact that propulsion is principally reflexive once initiated we elected to tether MR image acquisition to lingual pressure applied to the hard palate through a pressure-sending bulb at the approximate outset of the propulsive phase (21, 28) . The device configuration is portrayed in Figure 4 . A small (3 cm length) tongue bulb (Iowa Oral Performance Instrument, (14) Blaise Medical) was placed immediately behind the front teeth and on the tip of the subject's tongue. The bulb was connected via 15 m of 1/16" ID tubing to a pressure sensor, from which output was acquired and analyzed by Labview software.
The peak pressure occurring secondary to tongue pressure against the bulb was recorded and a 5V output signal triggered when a threshold pressure (approximately 0.35 PSI) was achieved. Acknowledging that there is likely to be variation between subjects in the pressure applied by the tongue during swallow initiation, the exact pressure threshold was derived for each subject by determining the voltage threshold immediately preceding the swallow in 4-8 test swallows, then setting the voltage threshold to 0.01 V below the smallest peak achieved in the test swallows. While the interval between the time of initial tongue contact with the sensor and the achievement of threshold pressure varied slightly between subjects, the interval between the time at which threshold pressure was obtained and the initiation of lingual displacement (and the coordinated initiation of MR scanning) was < 0.1 second and highly reproducible. It is conceivable that the presence of the bulb in the oral cavity may cause a deviation from the natural positioning of the tongue, and thus induce compensatory mechanical actions. In addition, the resistance provided by the bulb may modify the natural strain patterns exhibited by the tissue during the course of swallowing. While in preliminary experiments, the bulb was easily positioned by subjects by placing one edge of the bulb against the teeth resulting in tongue tip displacement, there was a small amount of accommodative lingual deformation and superior hyoid displacement as a function of bulb positioning in the anterior oral cavity ( Figure 4C ). The effect of this pre-swallow accommodative effect could not be systematically assessed in the current protocol since the presence of the intra-oral device was essential to the acquisition of MR data.
Magnetic resonance imaging data acquisition
Each subject swallowed 2.5 ml of water 4 times to compile a complete set of strain data at one time interval in two slices. The water was delivered via a subject-controlled syringe attached to rubber tubing that inserted into the side of the subject's mouth.10 sets of strain data were then averaged together in each image, and 4 different time intervals were sampled, resulting in a total of 160 swallows per subject to create complete data set of 4 time intervals and two adjacent slices. We also point out that our method incorporates an internal control for subject fatigue, that is, the magnitude of the pressure applied to the intra-oral bulb during the course of the swallow. Interestingly, by this measure, our subjects did not demonstrate any evidence of fatigue during the course of these trials. In these experiments, the volume observed was comprised by 2 slices; each is made up of a set of 3x3x3 mm 3 voxels, located adjacent to and on the left and right of the mid-sagittal plane. The application of each velocity encoding pulse was elicited by a 5 V electrical signal triggered by tongue pressure on the hard palate. Acquisitions occurred at 0, 200, 400, and 600 msec from the elicitation of the trigger point. The pulse sequence is similar to the one used by Tseng et al (35) . Specific imaging parameters included: echo time 54 msec, repetition time 274 msec, and VENC 0.67 cm/sec/cycle. One acquisition was performed in each slice per swallow, and acquisitions alternated between the two slices. The effective repetition time for a particular slice was never less than 3 seconds, and determined by the speed at which the subject could comfortably swallow repeatedly. The technique was validated over 13 subjects, whereas quantitative gated phase contrast data was obtained in 5 subjects (3 males, 2 females). Data was acquired using a 1. 
RESULTS
Experiments were performed to assess the local strain rate function occurring in the tongue musculature during the propulsive phase of swallowing. Strain rate was derived from the phase differences The strain rate tensors were calculated from the phase contrast data and overlayed on the magnitude images as icons during a 2.5 ml water bolus swallow. We display in Figure 7 (single subject) and 
DISCUSSION
The tongue is a structurally complex muscular organ, which is responsible for the manipulation and transport of food in the oral cavity during swallowing. Through a series of precisely timed shape changes, the tongue first configures and then propels the ingested bolus of food from the oral cavity to the pharynx.
Conceiving the basis for lingual deformation during swallowing requires an understanding of how the organ moves in relation to extrinsic structures, such as the jaw and hyoid bone, as well as the underlying relationship between intramural structure and function. In order to conceptualize the vast array of mechanical operations associated with lingual deformation, we have considered the tongue as a muscular hydrostat, a muscular structure defined by its ability both to create motion (via tissue displacement) and provide the skeletal support for that motion (via elongation and stiffening) (27, 28) . The mammalian tongue is a particularly interesting form of hydrostat since its deformations are predicated on the contractions of both intrinsic and extrinsic muscle fibers merged structurally and functionally within the body of the tongue. The designation of the tongue as a muscular hydrostat infers several important properties, namely the coexistence of orthogonally aligned muscle fiber populations which contract synergistically to generate physiological motion and the conceptualization of the tissue as an array of contiguous elements producing varying degrees of compressive or expansive strain.
We have previously studied lingual mechanics during prototypical deformations, i.e. protrusion and bending, and during swallowing with tagged magnetization MRI (17, 18) . This method quantifies local strain by tracking the deformation of a 2D grid of saturated magnetic bands superimposed on the MR image. By this approach we assayed the lingual musculature during each of the cardinal phases of the swallow, namely early accommodation (bolus held in the anterior oral cavity), late accommodation (bolus transferred to the posterior oral cavity), and propulsion (bolus propelled retrograde from the oral cavity to the pharynx).
These experiments, combined with the results of our previous work (6, 15) These results illustrate an important limitation in the use of tagged magnetization in the study of lingual mechanics, namely the inability to resolve spatially complex and dynamic 3D strain fields. To address this issue, we modified a technique previously applied to the study of cardiac mechanics, gated phase contrast MRI, or PC MRI (3, 4, 12, 37) to characterize lingual mechanical function. From a practical perspective, velocity encoding is applied in 4 directions and strain rate derived from the difference in velocity between adjacent voxels for each gradient direction. This latter requirement, in combination with the relatively low MR signal intensity resulting from velocity encoding, provides the rationale for image gating to achieve temporal reconstruction. In contrast to prior approaches for temporal reconstruction of the swallow employing superficial EMG recordings (23), we employed in this study a novel method to gate MR acquisition based on the signal resulting from peak lingual tip pressure applied to the hard palate through an intra-oral pressure-sensing bulb during early propulsion. We demonstrated in preliminary studies that the interval between the achievement of threshold lingual pressure and the initiation of the propulsive deformation is quite short (< 0.1 sec) and highly reproducible. This form of MR gating provides both timed MR acquisitions as well as a method for accurate retrospective sequencing of the images acquired. It should be acknowledged however that lingual pressure-gated swallows may differ from physiological swallows due to the presence of the bulb in the anterior oral cavity and the effects of the bulb on preswallow lingual mechanics. These effects include a small, but significant, effect on lingual shape and superior hyoid displacement, which may itself be accentuated by the fact that subjects were required to maintain a supine position in the MRI scanner apparatus. While important, these effects were largely mitigated by the facts that the pressure exerted by the bulb on the surface of the tongue was negligible, as indicated by the relatively small amount of air displaced from the bulb relative to the air within the tubing, This approach constitutes a significant advance over previous techniques since it provides a method to assay simultaneously the rates of compression and expansion during physiological motion. This technique may potentially be combined with measures of underlying lingual myoarchitecture, thus constituting a method by which the rate and direction of fiber shortening can be determined. We previously considered the proposition that propulsive lingual deformation is associated with a combination of internal stiffening and hydrostatic elongation resulting from the bidirectional contraction of the transversus and verticalis muscles combined with retracting force applied by the laterally inserted styloglossus (17) . We have now extended this conceptualization of tongue deformation to include a more complex sequence of material strains (compression and expansion) involving the various segments of the genioglossus muscle, tight integration of extrinsic and intrinsic strain behavior, and passive elements of compressive and expansive strain related to contractions not included in the particular imaging slice i.e. styloglossus and hyoglossus, and secondary mechanical events imposed by the tongue's inherently isovolemic conditions. It should be recognized that the exact timing of the events described may vary somewhat with prior descriptions of lingual deformation due to the presence of the bulb in the oral cavity and changes in lingual shape and mechanics before the initiation of the observed sequence.
The extension of phase contrast MRI, previously applied to determine cardiac strain, to imaging the mechanical function of the tongue during swallowing contained several technical challenges, owing to the fact that the tongue is both structurally and mechanically more complex than the heart. By establishing a method of MRI gating associated with threshold lingual pressure applied to the hard palate during late accommodation, and by adopting a velocity encoding for the highly variable strain rates exhibited by the tongue with minimal artifact attributable to the air-tissue interface in the oral cavity, we were able to achieve reliable strain rates involving the tongue during swallowing. However, several limitations of this approach should be acknowledged. While generally consistent mechanical patterns were exhibited, some of the events shown were quite variable. By our analysis of this variability, it may be that precise time where certain mechanical events occurred varied subtly but significantly between subjects, an issue which could become even more important in the case of pathological tongue motion. We anticipate accordingly that future studies may thus require considerably greater temporal resolution. A second limitation was the need to resolve transverse planar strain separate from anterior-posterior planar strain. While the high degree of mechanical symmetry and coherent strain rate patterns exhibited by the tongue indicate that we are accurately measuring strain rate in the tongue, there are theoretical limitations for resolving complex intravoxel strain patterns, which would be helped through the use of techniques capable of acquiring 3D
strain rate directly. We should also acknowledge that since our current approach is directed to resolving internal tissue strains, it does not have sufficient resolution to accurately determine surface deformation or possess appropriate contrast to visualize bolus displacement (1, 2, 23, 38) . Thus the relationship between internal strain and physiological bolus manipulation can not be measured directly with the current techniques.
We conclude that gated phase contrast magnetic resonance imaging can be adapted with appropriate gating to assay the tongue's internal strain events associated with bolus propulsion. Our results demonstrate that bolus propulsion may be attributed to a synergistic sequence of compressive and expansive mechanical events involving both the intrinsic and extrinsic muscles, whose net effect is the orderly delivery of the ingested bolus from the oral cavity to the pharynx. The orthogonal principle strain rates, reflective of the material strain in each voxel, are displayed in the form of 2 orthogonal rhombi. In each instance, the length and orientation of the larger rhombus is defined by the magnitude and direction of the primary strain rate FG 1 /Ft (width is arbitrarily displayed proportional to the length for improved visualization). The smaller rhombus is overlaid orthogonal to the larger rhombus and possesses length and orientation defined by the secondary strain rate FG 2 /Ft. By convention, if a rhombus is blue, the strain rate represented is positive (expansion) and if a rhombus is red the strain rate is negative (compression). In the example shown in this figure, the primary strain rate tensor is compressive and represented as a red rhombus whereas the secondary strain rate tensor is expansive and represented as a blue rhombus possessing a magnitude of 60% as large as the primary strain rate tensor. Figure 3 . Validation of phase contrast MRI as a method to derive local strain rate.
In order to validate the method by which local strain rate tensors are derived from PC MRI, we employed a mechanical plunger apparatus to induce compressive or expansive deformation in a gelatinous phantom material. The plunger consists of hemispherical plastic device whose position is controlled by a stepper motor, and which can be lowered or raised relative to the gel at a rate of 1 Hz and a stroke length of Strain rate tensors from a single subject were derived by PC MRI during a 2.5 ml water bolus swallow, and displayed at 0 and 400 ms in 2 coronal image slices from the anterior and posterior tongue. In each instance, the length and orientation of the larger rhombus is defined by the magnitude and direction of the primary strain rate +,1/+t (width is arbitrarily displayed proportional to the length for improved visualization). The smaller rhombus is overlaid orthogonal to the larger rhombus and possesses length and orientation defined by the secondary strain rate +,2/+t. By convention, if a rhombus is blue, the strain rate represented is positive (expansion) and if a rhombus is red the strain rate is negative (compression). In the example shown in this figure, the primary strain rate tensor is compressive and represented as a red rhombus whereas the secondary strain rate tensor is expansive and represented as a blue rhombus possessing a magnitude of 60% as large as the primary strain rate tensor. 
